ABSTRACT We studied relationships between adult apple maggot, Rhagoletis pomonella (Walsh), and apple genotypes in the Þeld and laboratory by counting male and female ßies trapped on unbaited sticky red spheres and by counting fruit punctures in choice tests. Six apple genotypes were chosen for both Þeld and laboratory tests grouped into three categories of phenological development (early, mid, and late ripening). In the Þeld, where comparisons were made over a 2-yr period in Þve commercial orchards, apple maggot trap captures tended to be aggregated on trees of certain genotypes rather than uniformly distributed. For early ripening genotypes, traps on Jersey Mac accumulated moderately high to high numbers of apple maggot during early and mid-season, whereas traps on Paula Red accumulated few ßies during both periods. For mid-ripening genotypes, traps on Gala accumulated high numbers of apple maggot during early, mid-, and late season, whereas traps on McIntosh accumulated comparatively small numbers during all parts of the season. Fuji, a lateripening genotype, was among the preferred genotypes during mid-and late season, whereas Red Delicious, another late-ripening genotype, received high numbers of apple maggot during early and mid-season. In the lab, during early season, fruit of all genotypes except Red Delicious were accepted for boring in high proportions by caged apple maggot. During mid-and late season, fruit of Fuji and Red Delicious were accepted for boring in lower proportions than fruit of other genotypes. The degree to which apple genotypes were accepted for oviposition in the laboratory did not correspond with tree visitation rates in the Þeld. Sugar content and pulp pressure of fruits of different genotypes also did not correspond with tree visitation rates. Our results suggest that the distribution of apple maggot in orchards is inßuenced by the tendency of ßies to preferentially visit trees of particular apple genotypes. Preferences for apple genotypes seem to be independent of the ripening phenology, sugar content, and pulp pressure of fruit. We discuss the nature of such preferences and implications for an attract-and-kill approach to apple maggot control in commercial orchards.
VARIATION IN GENOTYPE SUSCEPTIBILITY to insect attack and damage can be exploited when developing advanced level integrated pest management (IPM) programs (Reissig et al. 1990 , Kogan 1994 , Antonious et al. 1999 . Because genotype preference affects adult distribution and oviposition damage to fruit of apple maggot, Rhagoletis pomonella (Walsh), in apple orchards (Murphy et al. 1990 ), improved knowledge of genotype susceptibility could impact the success of perimeter trapping for control , Bostanian et al. 1999 .
Most studies of genotype preferences of apple maggot have used accumulation of ovipositional punctures in fruit or larval, pupal, or adult recovery from infested apples as the main measure of preference (Phipps and Dirks 1933 , Dirks 1935 , Oatman 1964 , Dean and Chapman 1973 , Reissig 1979 . A small number of recent studies have directly or indirectly recorded greater accumulation of apple maggot adults (the control target stage) on traps placed on trees of particular genotypes (Murphy et al. 1990 (Murphy et al. , 1991 Prokopy et al. 1995; Bostanian et al. 1999) .
Greater apple maggot ovipositional damage on fruit of most early genotypes of apples has led to the supposition that apple maggot preferentially arrive on trees and bore into fruit of early ripening genotypes (Dean and Chapman 1973) . Messina and Jones (1990) argued that early genotypes of apples are more susceptible to apple maggot damage in the Þeld than are late genotypes because their skin is less resistant to ovipositor penetration at the seasonal peak of apple maggot activity. Murphy et al. (1990 Murphy et al. ( , 1991 concluded that independent of genotype, apple maggot aggregate on trees with mature fruit and recommended that to optimize trap placement, a hand-held refractometer could be used to sample relative fruit maturity of different trees in an orchard, they proposed that early in the season, apple maggot distribution among early-, mid-and late-ripening apple genotypes is highly con- centrated on early genotypes and progressively tends toward a uniform distribution. Studies of apple maggot distribution in orchards have included a small (one or two) or unbalanced number of genotypes within different phenological categories (early, mid, or late ripening) (Messina and Jones 1990; Murphy et al. 1990 Murphy et al. , 1991 .
Here, to reach a better understanding of the factors inßuencing apple maggot distribution in commercial apple orchards, we quantiÞed accumulation of adults on visual traps placed on trees of six different genotypes of apple over a 2-yr period in Þve commercial orchards. We considered such trap catches to be a measure of ßy residency in a particular type of tree during a particular period of time. More ßies might reside in a tree because the tree has attracted more ßies and/or because once the tree is found, ßies remain for longer periods before exiting the tree.
Male and female immature, mature, and wild apple maggot adults respond identically (in number and pattern) to unbaited traps, traps baited with food based lures, and traps baited with fruit based lures (Rull and Prokopy 2000) . Because male apple maggot mate exclusively on the host fruit (Prokopy et al. 1971) , mating success of male R. pomonella depends largely on the maleÕs ability to Þnd fruit that will be preferentially visited by females; therefore, the overall response pattern of ßies of both sexes to traps in orchards is an accurate reßection of female response to such traps, and consequently a correlation between adult ßy captures in the Þeld and female oviposition preferences in the laboratory can be drawn.
Because apple maggot damage to fruit is the consequence of female oviposition behavior, we also determined whether greater ßy accumulation on trees of certain genotypes resulted in greater propensity of females to bore into fruit of those genotypes. To compare residency of ßies in trees of particular genotypes in the Þeld to female oviposition preference for fruits, we brought fruits from the Þeld to the laboratory and presented fruits to females in a choice assay. Finally, we measured the sugar content and pulp pressure of the same fruits.
Materials and Methods
Apple Maggot Accumulation on Traps. Massachusetts apple orchards typically are composed of a mix of apple genotypes, with a current tendency to increase genotype diversity. We chose to compare apple maggot preference for apple genotypes grouped into three main phenological categories: early, mid and late ripening (harvested during late summer, early fall, and late fall, respectively). Within each category, we selected two genotypes that represented preferences among New England apple growers at the time of our experiment. Genotype comparisons were made over a 2-yr period (1999 Ð2000) in Þve commercial apple orchards having different genotype arrangements. All orchards were managed under a Þrst-level IPM program (Prokopy and Kogan 2003) and used pesticides for insect and disease control.
Early-ripening genotypes were Jersey Mac and Paula Red. Mid-ripening genotypes were Gala and McIntosh. Late-ripening genotypes were Fuji and Red Delicious.
When available, eight medium-(M-26 rootstock) to large (M-7 rootstock)-sized trees (in some cases, all available trees) of each genotype were selected in each orchard. We attempted to select trees not farther than 20 m from trees of other genotypes used in the experiment. Each tree received an unbaited 8.5-cm red sphere trap that was coated with Tangletrap (GemplerÕs, Mt. Horeb, WI) and placed in optimal position according to Drummond et al. (1984) . Spheres were placed on trees in early July, when early ripening genotypes began to ripen, and remained on trees until early October, when apples of late-ripening genotypes were ready for harvest. Once per week, traps were inspected and captured apple maggot were counted and removed. Apple maggot females and males meet and mate on the host fruit and exhibit a remarkable similarity in response to host odor and visual stimuli. Marked released individuals and wild ßies are captured by baited and unbaited traps at a sex ratio roughly equivalent to 1:1 (Rull and Prokopy 2000) ; therefore, overall adults response patterns to traps are equivalent to female response patterns and no attempt was made to count captured ßies of each sex separately. Traps were cleaned as needed to prevent buildup of nontarget insects and were recoated with Tangletrap.
Every week, eight apples were haphazardly selected from different trees of each genotype. Apples were taken to the laboratory, where pulp Þrmness and sugar content were measured. Pulp Þrmness was measured in kilograms per cubic centimeter by using a hand-held fruit pressure tester (model FT-327, Wagner, Milan, Italy), and sugar content was measured in % degree Brix by using a hand[held refractometer (model N-1EBX, Atago, Tokyo, Japan).
Statistical Analysis. Because genotype preferences, sugar content, and pulp Þrmness varied according to seasonal period, and fruit of early-ripening genotypes were no longer attached to trees late in the season, we broke genotype acceptance data into three seasonal periods. Early, mid-, and late periods encompassed results obtained from early July to early August, early August to early September, and early September to early October, respectively. Because during late season all fruit of Jersey Mac and Paula Red had either been harvested or had dropped from trees, captures for traps on trees of such genotypes were not included in late-season genotype comparisons.
For each seasonal period, total apple maggot accumulation on each of eight traps in Þve orchards (40 traps per genotype in total) of each of six genotypes (treatment) was transformed to log (x ϩ 1) to normalize variance (after CochranÕs test of homogeneity of variances) and compared by means of a one-way analysis of variance (ANOVA) followed by a least signiÞcant difference (LSD) comparison of means.
Average sugar content and average pulp Þrmness over each 4-wk period were regressed against total ßy accumulation on traps to determine whether a significant relationship existed between those measures of fruit ripeness and ßy accumulation on traps.
Boring Propensity. In 1999, we performed a multiple-choice assay from 12 July to 28 September to examine apple maggot female ovipositor boring preferences among the same six genotypes assayed for ßy accumulation on traps in the Þeld.
Apple maggot were kept from emergence until 14 Ð21 d old in 30 by 30 by 30-cm Plexiglas cages with free access to water and a mixture of sugar and protein.
A single fresh-picked apple (a few hours before setting up the test) of each of the six genotypes was placed on the ßoor of a 30 by 30 by 30-cm Plexiglas cage. Ten 14 Ð21-d-old sexually mature mated females were then introduced into the cage for 48 h. After exposure, apples were removed from cages and examined under a dissecting microscope for presence or absence of ovipositional punctures (94% of fruit punctured by apple maggot females contain eggs; Averill and Prokopy 1987). There were 12 replicates per week.
In 2000, we used a similar multiple choice assay for apples of the six genotypes assayed in 1999 picked from trees in a single orchard from 6 July to 2 October. Apples were exposed in cages for 24 h, and Þve 10 Ð 14-d-old females per cage were used. There were six replicates per week. As an additional measure of genotype preference, we counted the total number of boring punctures on every apple accepted for boring.
Statistical Analysis. Genotype acceptance data were broken into three seasonal periods. Early, mid-, and late periods encompassed results obtained from early July to early August, early August to early September, and early September to early October, respectively. For each seasonal period, percent of accepted fruit of each genotype by apple maggot females was transformed to arcsine [sqrt (x)] to normalize variance and compared by means of a one-way ANOVA followed by a LSD comparison of means.
Average sugar content and average pulp Þrmness over each 4-wk period were regressed against transformed percent of accepted fruit to determine whether a signiÞcant relationship existed between those measures of fruit ripeness and fruit acceptance.
Total apple maggot accumulation on traps placed on trees of different genotypes in 2000 was regressed against total boring puncture accumulation on fruit (total number of punctures per fruit was not counted in 1999) of the same genotypes to determine whether a relationship existed between apple maggot accumulation on traps and acceptability of fruit for boring. (Fig. 1A) (Fig. 1C) .
Results

Apple
During late season, multiple regression revealed a signiÞcant weak positive relationship between pulp pressure and apple maggot accumulation on traps [F 2,153 ϭ 7.36; P Ͻ 0.001; R 2 ϭ 0.08]. Boring Propensity. During early season, a one-way ANOVA revealed a signiÞcant effect of genotype [F 5,66 ϭ 5.25; P Ͻ 0.001) on apple maggot boring propensity. Fruit of Jersey Mac, McIntosh, Gala, Paula Red, and Fuji were accepted for boring in greater proportions than fruit of Red Delicious ( Fig. 2A) . Multiple regression failed to reveal a signiÞcant relationship between sugar content, pulp pressure and apple maggot boring propensity [F 2, 69 ϭ 1.87; P ϭ 0.16; R 2 ϭ 0.05]. During mid-season, a one-way ANOVA revealed a signiÞcant effect of genotype [F 5,71 ϭ 3.97; P ϭ 0.003] on apple maggot boring propensity. Fruit of Jersey Mac, McIntosh, and Gala were accepted for boring in greater proportions than fruit of Fuji and Red Delicious (Fig. 2B) . Multiple regression failed to reveal a signiÞcant relationship between sugar content, pulp pressure, and apple maggot boring propensity [F 2,68 ϭ 1.38; P ϭ 0.25; R 2 ϭ 0.03]. During late season, a one-way ANOVA revealed a signiÞcant effect of genotype [F 3,47 ϭ 3.49; P ϭ 0.02] on apple maggot boring propensity. Fruit of McIntosh was accepted for boring in greater proportions than fruit of Fuji and Red Delicious, whereas fruit of Gala was accepted in greater proportions than fruit of Red Delicious (Fig. 2C) . Multiple regression failed to reveal a signiÞcant relationship between sugar content, pulp pressure, and apple maggot boring propensity [ 
Discussion
According to our results, and contrary to predictions of an apple maggot orchard distribution model proposed by Murphy et al. (1990) , apple maggot accumulation on traps placed on different apple genotypes is not governed by the time of fruit ripening (phenology) but rather by speciÞc properties of fruit (genotype). Such properties seem to exclude relative sugar content and pulp Þrmness.
Visual properties of fruit such as size and color can inßuence ßy response to traps on trees of different genotypes, but they seem to be of little value in explaining our results. For example, traps on Fuji and Gala accumulated many ßies despite the fact that their fruit was of markedly different color (green and orange, respectively), whereas traps on both Paula Red and McIntosh, whose fruit was of similar color but different size (large and small fruit), accumulated few ßies.
Differences in fruit volatile emission, rather than relative physical and/or internal chemical properties of fruit, are critical for host discrimination in the R. pomonella apple race (Prokopy et al. 1973 , Carle et al. 1987 , Aluja and Prokopy 1992 , Zhang et al. 1999 , Linn et al. 2003 . There is a well-documented four-fold increase in apple maggot accumulation on visual traps when synthetic fruit odor is added to unbaited traps (Reissig et al. , 1985 Zhang et al. 1999; Rull and Prokopy 2000) . Natural host odor has also been found to be correlated with greater apple maggot accumulation on traps. Prokopy et al. (1973) observed greater apple maggot accumulation on traps on host and nonhost trees when bags of inconspicuous apples were hung on such trees than when they were not. Carle et al. (1987) argued that even though numerous factors could contribute to high susceptibility of certain genotypes of apple to apple maggot damage, the greater amount of volatiles produced by susceptible genotypes in comparison to less susceptible ones could explain ßy preferences in the Þeld.
Our results suggest that differences among apple genotypes in captures of apple maggot by traps may be governed primarily by ßy response to fruit volatiles during the Þrst link of the host plant selection process (sensu Finch and Collier 2000) . However, we recognize that conclusive evidence for such a suggestion would require establishment of a correlation between complex measurements of host odor release in the Þeld and trap captures, which exceeds the scope of this study.
Postalighting examination of fruit by tephritid females involves touching of the fruit surface with the antennae and mouthparts and probing the fruit skin with the ovipositor (Prokopy and Papaj 2000) . Typically, apple maggot females in our study would land on a fruit of a genotype and walk on its surface, making frequent halts to extend their proboscis and probe fruit skin with their ovipositor several times before accepting it for oviposition, hopping to a neighboring fruit of another genotype to resume examination, or altogether abandon fruit examination. Although ovi- positional acceptance ultimately depends on chemical composition and physical properties of the fruit ßesh (Fletcher and Prokopy 1991) (this generally occurs after ovipositor probing), egg-laying decisions can be inßuenced by fruit surface chemicals alone (Bierbaum and Bush 1991) .
Sugar content of hosts of frugivorous tephritids could inßuence oviposition decisions of adult females because offspring require carbohydrates for development (Fernandez-da-Silva and Zuculoto 1993) or perhaps because sugar content may be a good indicator of overall host nutritional value. Apple maggot females have sugar receptors on the tip of the ovipositor that enable them to assess sugar content of hosts (Girolami et al. 1986 ). Other factors held constant, tephritid females prefer to lay eggs in hosts with the highest sugar content (Girolami et al. 1986 ). Our Þndings however suggest that sugar content, as an indicator of fruit ripeness, is not used by foraging females as a cue to discriminate among different genotypes of apple.
Although it has been found that tephritid females may be unable pierce hard fruit (Messina and Jones 1990) or may preferentially lay in preexisting punctures (Papaj 1993 but see Prokopy and Reynolds 1998) , pulp Þrmness also failed to explain variation in acceptance of fruit of different genotypes by apple maggot females in our study.
For fruit within the same genotype, fruit ripeness may well be a relevant factor inßuencing boring propensity of apple maggot females. For fruit across different genotypes however, other fruit properties seem to affect such behavior. Such properties could include content of defensive compounds, such as tannins or phenolic compounds, which are known to deter boring as well as oviposition (Girolami et al. 1986 ) independently from sugar content and pulp Þrmness.
Interestingly, greater ßy accumulation on traps placed on trees of different apple genotypes did not translate into genotype-associated ovipositor boring preferences. Although apple-origin and hawthorn-origin R. pomonella respond differently to several host fruit odor compounds (Averill et al. 1988 , Frey and Bush 1990 , Linn et al. 2003 and exhibit high levels of host Þdelity (Feder et al. 1994 ), hawthorn fruit is accepted for oviposition at essentially identical rates by both host races and at higher (or similar) rates than apples by apple origin ßies (Prokopy et al. 1988, Luna and . It is therefore possible that hostÞnding preferences and ovipositional-acceptance preferences for different genotypes of apples in the R. pomonella apple race are not necessarily compatible, a fact that would aid in explaining existing uncertainty regarding attractiveness of a genotype and its susceptibility to larval damage (Dean and Chapman 1973; Murphy et al. 1990 Murphy et al. , 1991 Messina and Jones 1990) .
In our study, some genotypes were both attractive (accumulated many ßies on traps) and acceptable for ovipositional boring (for example, Gala and Jersey Mac) and therefore should be considered as highly preferred by apple maggot. Other genotypes accumulated comparatively large numbers of ßies but bore fruit comparatively unacceptable to boring females (Fuji and Red Delicious) or failed to accumulate large numbers of ßies despite the fact that their fruit was rather highly acceptable for boring (McIntosh) . Such genotypes could be considered as being moderately preferred by apple maggot. Finally, genotypes that both fail to accumulate substantial numbers of ßies and bear fruit not very acceptable for ovipositional boring (Paula Red) should be considered as of low susceptibility to apple maggot.
Given the briefness of the evolutionary relationship between the apple host race of R .pomonella and apple, there may not have been enough time as yet for natural selection to favor ßies that are preferentially attracted to genotypes of apple that are suitable for oviposition and larval survival. Although in some insects oviposition choice and host use can be experimentally altered in a very few generations (Bernays and Graham 1988) , the constant inßux of new apple genotypes and strains in commercial orchards, and the fact that most apple maggot adults present in commercial orchards originate from neighboring unmanaged apple trees of noncommercial genotypes (Rull and Prokopy 2000) , may hinder such adaptation.
From an applied perspective, host plant composition in orchards can directly inßuence seasonal appearance, abundance, and distribution of frugivorous tephritids (Papadopoulos et al. 2001 ) and consequently can affect trap performance and damage to fruit. Genotype composition in apple orchards inßu-enced apple maggot distribution in our study and is an important factor to be considered when attempting to maximize interception of immigrant ßies with traps. Reissig et al. (1990) proposed that the use of cultivars resistant to apple maggot larval damage could be used in conjunction with other nonchemical methods such as trapping to control ßies in management programs involving low pesticide input. For perimeter trapping programs Bostanian et al. 1999) , Þndings here suggest that traps should be spaced closely in blocks of trees of highly susceptible genotypes. Trap spacing might be increased in blocks of moderately susceptible genotypes and maximized in blocks of low-susceptibility genotypes. For orchards using a more conventional pest control approach, spraying could be directed to blocks or rows of trees of susceptible genotypes and reduced or eliminated in blocks of trees of low-susceptibility genotypes.
Genotype choice has been extensively used in perennial fruit crops as a disease control strategy (Aldwinckle and Lamb 1981) . In annual crops the choice of low-susceptibility genotypes has been advanced as a viable IPM control strategy (Degen et al. 1999 , Boucher et al. 2001 . Liburd et al. (1998) suggested that the choice genotypes of low susceptibility to blueberry maggot, Rhagoletis mendax Curran, in blueberry cropping systems could result in a reduced need for pesticide application. Genotype susceptibility could be taken into account when designing orchards. Planting susceptible genotypes on the perimeter and tolerant genotypes toward the center could reduce the need to manage apple maggot populations in large portions of an orchard, a form of trap cropping that has been successfully used to control and monitor other tephritids (Aluja et al. 1997 , Boucher et al. 2001 .
